The thermal conductivity of GaN nanowires has been determined computationally by applying nonequilibrium atomistic simulation methods using the Stillinger-Weber ͓Phys. Rev. B 31, 5262 ͑1985͔͒ potentials. The simulation results show that the thermal conductivity of the GaN nanowires is smaller than that of a bulk crystal and increases with increasing diameter. Surface scattering of phonons and the high surface to volume ratios of the nanowires are primarily responsible for the reduced thermal conductivity and its size dependence behavior. The thermal conductivity is also found to decrease with increasing temperature and exhibits a dependence on axial orientation of the nanowires. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2730747͔
The thermal conductivity of one dimensional nanostructures has been of great interest in recent years because of the application of nanoarchitectures in microelectronics 1 and the very high heat density that will be transported in these nanostructures. Unfortunately, very few materials are known to exhibit high thermal conductivity at reduced dimensions. Traditional semiconductors show a dramatic reduction of thermal conductivity at the nanoscale. For example, the thermal conductivity of Si nanowires is about two orders of magnitude smaller than that of bulk Si, 2 and the thermal conductivity of ZnO nanobelts is an order of magnitude lower than that for bulk ZnO crystals. 3 Thermal conductivity studies of nanowires using the Boltzmann transport equation and the equations of phonon radiative transfer show that surface boundary and interface scattering are the main mechanisms for the decrease of the thermal conductivity. 4, 5 Gallium nitride is a high temperature semiconductor material that emits brilliant light and is considered for the next generation of high frequency and high power transistors that are capable of operating at high temperatures. Single-crystal gallium nitride nanowires have already shown promise for realizing photonic and biological nanodevices based on blue light emitting diodes 6 and short-wavelength ultraviolet nanolasers. 7, 8 Due to its anisotropic and polar nature, GaN exhibits directional-dependent properties, 9 and the growth direction of GaN nanowires can been controlled by using heteroepitaxy on different single-crystal templates, mediated by catalytic clusters. [10] [11] [12] [13] [14] Nanowires have been grown along the ͓001͔ crystallographic axis with hexagonal cross sections, [10] [11] [12] while those grown along ͓110͔ and ͓110͔ exhibit triangular cross sections. 13, 14 Such low dimensional GaN-based structures represent important nanometer-scale building blocks for potential optoelectronic, high temperature/high power, and spintronic devices. 15 The growth direction is critical in determining the nanowire's thermal, optical, electrical, and mechanical properties. Quantitative understanding of the size and orientation dependences of thermal conductivity could provide design and fabrication criteria for nanoscale devices. In this letter, we used homogeneous nonequilibrium molecular dynamics with a well established empirical potential to investigate the thermal conductivity of GaN single-crystal nanowires. The thermal conductivity determines the heat current due to a temperature gradient via Fourier's law, which is given as J =−͚ ‫ץ‬T / ‫ץ‬x . Experimentally, is obtained by measuring the temperature gradient that results from the application of a heat current.
The energy flux expression is derived from the energy balance equation
where E͑r , t͒ is the instantaneous local energy and J q ͑r , t͒ is the instantaneous local heat flux. The integration of Eq. ͑1͒, combined with the definition of the total instantaneous heat flux in the statistical ensemble of constant energy, leads to the following expression:
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In molecular dynamics ͑MD͒ simulations, the thermal conductivity can be computed either using equilibrium MD based on Green-Kubo equations, steady-state nonequilibrium MD, or nonequilibrium molecular dynamics ͑NEMD͒ simulations. In the equilibrium methods, the autocorrelation function, which decreases slowly and nonmonotonically towards zero, must be evaluated and integrated over a long time. The slow convergence of the integral makes equilibrium MD simulations much more expensive in terms of computation time. In addition, it has been established that finite-size effects do play a role in applying this method. 18 In steady-state nonequilibrium MD, two heat reservoirs with high and low temperatures are attached on opposite sides of the MD cell. By measuring the average heat flux and temperature gradient, the thermal conductivity can be calculated as the ratio of the two quantities. Also there are some inherent disadvantages in this approach. 19 These drawbacks may be overcome with another nonequilibrium molecular dynamics method, the homogeneous field method. [20] [21] [22] [23] [24] In this method, a "heat field" f ext is introduced in Newton's equations so as to produce a desired heat flow:
which represents the coupling between the perturbation and the system. The N particle system is coupled to the heat field f ext . The coupling is defined in such a way that the energy dissipation is proportional to J q f ext . The thermal conductivity can then be obtained from extrapolation to zero field amplitude:
͑4͒
As pointed out in the literature, 24 this method works only for f ext that is not too large and not too small. If f ext is too large, a solitary wave will travel in the direction of heat flow, and heat is transported in the form of a highly localized energy pulse carried by a soliton, in which case, the average value of the heat flux is nearly independent of f ext . However, when the heat field is too small, the noise-signal ratio would become too large, and the accuracy of this method would be drastically reduced. In the present calculations, we have tested the fictitious force and found that a force f ext in the range of ͑5-8͒ ϫ 10 6 m −1 provides reliable results. The empirical interatomic interaction used in this work is the Stillinger-Weber potential 25 that has been parametrized to reproduce bulk structures and mechanical properties. The potentials can handle dangling bonds, wrong bonds, and excess bonds in bulk GaN very well. In addition, it has been employed to evaluate the Young modulus of defect-free and defective single-crystal GaN nanotubes. 26, 27 In all the MD simulations, a 0.5 fs time step is used. The fictitious force was set along the wire length direction. The averaging of the heat flux in Eq. ͑4͒ was calculated over the last 10 ps of a 50 ps simulation. To maintain a constant temperature within the box, the following scaling method is adopted:
new is the velocity of particle i after correction, and T D and T R are the desired and actual temperatures of the system, respectively.
Based on reported experimental observations, 10-14 we constructed ͓001͔-oriented GaN nanowires with hexagonal cross sections and ͓110͔-and ͓110͔-oriented GaN nanowires with triangular cross sections directly from bulk GaN by removing atoms outside a hexagon or a triangle and replacing with vacuum space. The top views of these GaN nanowires have been published in Refs. 28 and 29.
The thermal conductivity of bulk GaN calculated using the NEMD without quantum correction is 215 W / m K at 300 K, which is consistent with experimental values. Jezowski et al. 30 reported that the thermal conductivity of bulk GaN is 220 W / m K at 300 K. The thermal conductivities of bulk GaN were 151, 167, and 157 W / m K as the force f ext was set along the ͓001͔, ͓110͔, and ͓110͔ directions, respectively, at 600 K, which indicates less directional dependence. Figure 1 shows the dependence of thermal conductivity on wire length for ͓001͔-oriented nanowires with diameters ranging from 2.02 to 6.44 nm at a simulation temperature of 600 K. The results show that at larger cell sizes thermal conductivity becomes independent of the length of the nanowires. Because of the overestimation of phonon scattering in a small cell, these values may not be accurate in small simulation systems. For all the nanowires considered in the present study, the wire length dependence of thermal conductivity showed the same characteristics. Wire lengths of 10.4, 11.08, and 11.2 nm are used in the following simulations for the ͓001͔-, ͓110͔-, and ͓110͔-oriented nanowires.
In Fig. 2 , the thermal conductivity of ͓001͔-oriented GaN nanowire with a diameter of 6.44 nm is shown as a function of external field f ext at simulation temperatures from 600 to 2100 K. A linear dependence of thermal conductivity on f ext is observed, and the thermal conductivity of the nanowires can be obtained from extrapolation to zero field amplitude. For example, the thermal conductivities are 46.67, 18.05, and 3.11 W / m K for the nanowire at 600, 1200, and 2100 K. A similar approach has been applied to calculate the thermal conductivity of all the GaN nanowires in the present study.
The thermal conductivities of the ͓001͔-, ͓110͔-, and ͓110͔-oriented GaN nanowires with different diameters were evaluated with the NEMD simulation in the temperature range between 600 and 2100 K. As the classical method is valid only for temperature well above the Debye temperature, only variations above this temperature are reported here. Figure 3 shows the size and temperature dependences of thermal conductivity for the ͓001͔-, ͓110͔-, and ͓110͔-oriented GaN nanowires. As shown in Fig. 3, the calculated   FIG. 1 . Dependence of thermal conductivity on wire length for ͓001͔-oriented GaN nanowires with ͕100͖ side planes at a simulation temperature of 600 K .   FIG. 2 . Dependence of thermal conductivity on the applied force f ext at simulation temperatures from 600 to 2100 K for ͓001͔-oriented GaN nanowires with a diameter of 6.44 nm.
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thermal conductivity decreases with temperature; this is due to umklapp process ͑phonon-phonon interactions͒. The thermal conductivity decreases from 46.67 to 3.11 W / m K as the temperature increases from 600 to 2100 K for the ͓001͔-oriented GaN nanowires with a diameter of 6.44 nm. At high temperatures, higher frequency acoustic and optical phonon interactions become appreciable, lowering the mean free path and conductivity. The thermal conductivity of the nanowires increases with increasing diameter and is clearly lower than bulk GaN. However, the size dependence is small at low temperatures and disappears at elevated temperatures. The orientational dependence of nanowire thermal conductivity is clearly apparent from Fig. 3 . The thermal conductivity of ͓110͔-and ͓110͔-oriented GaN nanowires is lower than that of the ͓001͔-oriented ones. At 600 K, the calculated thermal conductivity increases from 36.86 to 46.67 W / m K with increasing diameter for the ͓001͔-oriented nanowires. For the ͓110͔-oriented GaN nanowires, the thermal conductivity is nearly independent of orientation over most of the temperature range, while for the ͓110͔-oriented nanowires, there is a little more dependence on diameter, but this may be due to the large difference in diameters. There are several reasons why nanostructures exhibit lower thermal conductivity than the corresponding bulk materials: ͑i͒ the change of phonon spectrum in one dimensional structures, which modifies the phonon group velocity and the scattering mechanisms, 31, 32 and ͑ii͒ the boundary inelastic scattering, which increases diffuse reflections on the surfaces. As the diameter of nanowires increases, so does the thermal conductivity, mainly because the boundary scatting rate decreases. 33 The phonon-phonon interaction increases with size reduction due to the confinement, which causes the increase of thermal resistance and the decrease of heat conduction. 34 The significant decreasing of thermal conductivity is primarily associated with the high surface to volume ratios of the nanowires. Specifically, the relatively large fractions of surface atoms enhance surface scattering of phonons and decrease the phonon mean free path, resulting in lower conductivity that is proportional to the mean free path. As the diameter of the nanowire increases, so does the thermal conductivity, mainly because the boundary scattering rate decreases.
In conclusion, we have calculated the thermal conductivity of GaN nanowires using a NEMD technique. We determined the thermal conductivity of GaN nanowires with different diameters at different temperatures and found that the thermal conductivity increases with increasing diameter and decreases with increasing temperature. The MD results also reveal a reduction in the thermal conductivity of GaN nanowires relative to those of the corresponding bulk crystal. The thermal conductivity also exhibits a strong orientational dependence. The thermal conductivity of ͓110͔-and ͓110͔-oriented GaN nanowires is substantially lower that that of the ͓001͔-oriented ones. 
